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Large-angle blunt cones, with various corner radii, were tested in dissociated air, COi, and COi-Ar gas mixtures.
These experiments were conducted at angles of attack from 0 to 20 deg. Heating distribution data and bow
shock-wave geometry were obtained during exposure of the cones to the three gases. The data can be used to
partially validate two-dimensional (2-D) axisymmetric and three-dimensional Navier-Stokes solutions of the heating
distribution over a 140-deg blunt cone in a simulated Martian atmosphere. The predicted heating distribution over
the cones and estimated bow shock standoff distances using a 2-D axisymmetric Navier-Stokes code were compared
with test data taken at zero angle of attack.

Nomenclature
A = area, cm2

Cp = specific heat, J/kg • K
d = diameter, cm
H = enthalpy, MJ/kg
M = Mach number
P = pressure, atm
q = heat-transfer rate, W/cm2 • s
R = radius, cm
S = arc length, cm
T = temperature, K
t = time, s
U = velocity, cm/s
a = angle of attack, deg
A = standoff distance, cm
p = density, g/cm3

T = wall thickness, cm

Subscripts
b
c
hem
n
t
sc
w
00
*
0

= base
= corner
= hemisphere
= nose
= total
= sphere-cone
= wall
= freestream condition
= sonic point
= stagnation point

Introduction

THE Mars Environmental Survey Vehicle (MESUR) is being
proposed for a Martian entry near the end of this century.1"3

The proposed configuration for MESUR is a large-angle blunt cone
(140-deg included angle) with a base radius of approximately 2.0 m
and a nose bluntness ratio of Rn/R\> = 0.5. The convective heat flux
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to the MESUR forebody heat shield during its high-speed aerobrak-
ing maneuvers into the Mars atmosphere results from both sensible
and chemical heating. Sensible heating to the stagnation point of
a large-angle blunt cone has been shown to be dependent on the
cone angle and the bluntness ratio /?c//?b-4~7 Chemical heating is
dependent upon the surface catalytic efficiency of the material cho-
sen for the thermal protection system (TPS). Experimental heating
data for use in the determination of a final MESUR configuration are
lacking. To partially fill this need, heating distribution data obtained
from blunt cones with various corner radii are presented in this pa-
per. These data were obtained from tests conducted in the Ames
42-Inch Shock Tunnel using air, CC>2, and CO2-Ar gas mixtures.
Some of the data are compared with predicted heating distributions
calculated using a Navier-Stokes solution.8'9

Experimental and Computational Methods
Facility Description

The Ames 42-inch shock-tunnel used combustion-heated gas (sto-
ichiometric mixture of hydrogen, oxygen, and helium) to produce a
reflected-shock, tailored-interface reservoir of test gas at the end of
ashocktube 12.2mlongand 15.75 cm in diameter.10-15 The test gas
was expanded from the reservoir through a conical nozzle (20-deg
included angle) to generate hypersonic flow in the test section of the
tunnel (Fig. 1). The area ratio (A/A*) of nozzle exit to throat for this
facility ranged from 5000 to 157,000. During each test, a 2.54-cm-
diam copper hemisphere was exposed simultaneously with the test
model in order to determine the repeatability of the test condition
and duration of uncontaminated flow. The duration of uncontam-
inated flow in the test section was determined using a parameter
#(bar) defined as

q(bar) = #hem/#tv/\ (1)

A typical #(bar) history during a shock-tunnel test is plotted in
Fig. 2. In this example, onset of contamination of the test gas by
the driver gas is indicated by a decrease in #(bar) at roughly 16
ms. In general, the duration of uncontaminated flow in the facility
varied between 10 and 20 ms. The exposure of the test models to
the hypersonic flow was controlled using a squib-operated closure
valve. The valve was made as an integral part of the nozzle and
controlled the test time to within 2-3 ms.1

Model Description
Photographs and sketches of the test models are shown in Figs. 3

and 4. The models consisted of an inner and outer section of thin-
wall copper held together by two interlocking cylinders (0.158 cm
thick). ITie cones had a nose radius of 3.81 cm, base radii ranging
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Fig. 2 Typical # (bar) history during shock-tunnel test in air.

a)

b)

c)
Fig. 3 Test configurations: a) R\>/RC = 0.0143, b) R^
and c) Rc/Rb = 0.157.
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= 0.0594,

Fig. 4 Test model, Rc/Rb = 0.0143: a) front view and b) side view.

from 6.95 to 7.6 cm, and corner-to-base radius ratios of 0.0143 (Fig.
3a), 0.05943 (Fig. 3b), and 0.1572 (Fig. 3c). The corner radius was
varied by changing the outer section of the model (Fig. 4). The
thin-wall copper sections of the test models were made using an
extruding process. The variation in wall thickness was maintained
at less than 0.002 cm. The nominal wall thickness for the models was
0.043 cm. The models were mounted on an adjustable sting support,
which was used to set angles of attack of 0,10, or 20 deg (Fig. 4b).

The interlocking cylinder design resulted in models that had no
structural component located near their corners. This design reduced
conduction losses associated with the thermocouple measurements
near the corners of the models. Twenty-five thermocouples were lo-
cated in a single array along the axis of symmetry of the model. They
extended in both directions from the geometric stagnation point to
locations beyond the corner of the model (about midway along the
40-deg conical portion of the after body). Each thermocouple junc-
tion was formed by drilling two small holes (0.05 cm apart) in the
model wall and then soldering a chromel wire in one and a constan-
tan wire in the other hole, flush with the surface. This thermocouple
installation, using no. 40 gauge wire, resulted in a time response of
less than 1 ms to the heat flux at the model wall and the establishment
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Table 1 Freestream properties in 42-in. shock tunnel

737

Test
gas
Air
C02
CO2-Ar

Moo

14.9
15.2
16.5

Mf

3.8
3.5
5.0

c?*, cm

1.02
1.02
1.02

^oo,K

190
200
216

A/A*

10,500
12,500
10,000

Po>

atm
0.05
0.018
0.055

#0,
MJ/kg

9.3
14.3
14.98

<7hem,
W/cm2

220
214
258

Poo,
kg/m3

3.1e-4
3.3e-4
3.3e-4

Poo,
atm

1.8e-4
1.6e-4
1.4e-4

C/oo,
km/s
4.15
4.15
4.73

RCOO,

m~l

9.9e+4
1.4e+5
1.2e+5

a)

b)

c)

Fig. 5 Photographs of test configuration (a) during shock-tunnel exposure, a = 0: a) air, b) CC>2, and c) 73% CC>2-27% Ar.

a) b) c)
Fig. 6 Photographs of test configuration (a) during shock-tunnel exposure, a — 20 deg: a) air, b) CC>2, and c) 73% CC>2-27% Ar.
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Fig. 7 Temperature profile along stagnation streamline: a) air, b) COi,
and c) 73% CO2-27% Ar.

of a linear slope on the measured temperature-time history within
less than 4 ms after the start of flow into the test section.

Experiment
The cones were tested in air, CO2, and a 73% CO2-27% Ar gas

mixture at a — 0, 10, and 20 deg. The reservoir pressure was ap-
proximately 290 atm for the three test gases, and the stagnation-
point enthalpy ranged from 9.3 MJ/kg (air) to 14.96 MJ/kg (CO2-
Ar mixture). Reservoir and freestream properties were determined
from an extensive tunnel calibration conducted for each gas or gas
mixture.13"15

Thermocouple outputs from the model are amplified and recorded
on a high-speed recorder during the 30-ms test exposure. The cold-
wall heating distributions over the models were then determined
using a seventh-order polynomial curve fit to the data and

(2)

The temperature-time histories were obtained with the thermocou-
ple arrays on the models positioned at roll angles of 0 and 180 deg.
Average values from four separate tests were used to represent the

1.2

'f '8
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N-S solution, q0 = 91.0 W/cm2

Measured, qo = 77.0 W/cm2

b) 0

1.2
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Measured, qo = 86.0 W/cm2

Stagnation
point (photo)

e)
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Fig. 8 Heating distribution over configuration (a) in air: a) a = 0, b)
a = 10 deg, and c) a = 20 deg.

reported heating distribution over the models. The maximum spread
in #w for the four tests was ±10%.

Analysis
Freestream conditions in front of the bow shock wave for the

nonequilibrium flow were determined from one-dimensional com-
putations of the gas expansion through the conical nozzle.15 A frozen
Mach number was used to define the gas properties. This concept
is based on the assumption that most properties of the gas, having
undergone relaxation of several internal degrees of freedom, are
approximately the same as if the gas had made an instantaneous
transition from full equilibrium flow to flow in which all internal
energy exchange is frozen. In one-dimensional flow, this process
can be characterized by a parameter called the frozen Mach num-
ber. This Mach number specifies the equilibrium speed of sound and
constant entropy at which the expanding gas has made its transition
to an internally frozen flow. In these tests, the freestream condi-
tions were determined from a nozzle program15 and measurements
of impact pressure (hemisphere), static pressure (ogive cylinder),
and freestream velocity.13 The flow properties for these tests are
summarized in Table 1.

Heating-rate distributions over the blunt cones at a — 0, deter-
mined from the shock-tunnel tests, were compared with Navier-
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Fig. 9 Heating distribution over configuration (b) in air: a) a = 0, b)
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Fig. 10 Heating distribution over configuration (c) in air: a) a = 0,
b) a = 10 deg, and c) a = 20 deg.

Stokes (NS) solutions using the NSCAND computer code.8 The
governing equations used in the NSCAND code are essentially the
two-dimensional axisymmetric NS equations expanded to allow for
the presence of multiple species and two temperatures. The equa-
tions are solved in a fully implicit, flux-split, Gauss-Seidel line re-
laxation numerical technique. Five-species reacting air (N2,O2, NO,
N, O) and CO2 (O2, O, CO, CO2, C) models were used in the NS
solutions. lonization was not included in the NS solutions for the
CO2-Ar gas mixture, because it has been shown in a previous study
to have a minimal effect on surface heating at these enthalpies.8
Further work is needed to fully define the thermal and chemical gas
properties in the nonequilibrium flowfield behind the bow shock
wave generated by the CO2 and CO2-Ar gases. Therefore, the cold-
wall heating rates to the surface of the copper models were calculated
assuming radiation equilibrium and using oxygen and nitrogen atom
recombination coefficients from the literature for the copper models
(side-arm reactor data).16'17 The atom recombination coefficient for

CO + O was assumed equal to 1.0. A detailed description of the
computational methods for the NS solutions are given in Refs. 8
and 9.

Results and Discussion
Shock Shapes

The stagnation-point heat-transfer rate to a high-angle blunt cone
is affected by the position of the bow shock wave and the test envi-
ronment. High-speed photographs of the 140-deg blunt cone, with
Rc/Rb = 0.0143, were taken at a = 0 and 20 deg in air, CO2, and the
CO2-Ar gas mixture (see Figs. 5 and 6). Since the photographs were
taken in less than a millisecond, it is assumed that the illuminance
of the gases in front of the model indicates the shape and position of
the bow shock wave at that particular instant. Figure 5 shows that at
a = 0 deg the bow shock wave is spherical in shape and symmetri-
cal over the forebody of the cone. The standoff distance is greater
for air (A/tfb = 0.13) than for CO2 (A//?b = 0.09). Photographs
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Fig. 11 Heating distribution over configuration (a) in COi: a) a = 0,
b) a = 10 deg, and c) a = 20 deg.
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Fig. 12 Heating distribution over configuration (b) in CC :̂ a) a = 0,
b) a = 10 deg, and c) a — 20 deg.

taken with the model at a = 20 deg show the three-dimensionality
of the flow field in front the model during exposure to all three test
gases (Fig. 6). Increase in angle of attack resulted in an increase
in the bow shock-wave standoff distance from A//?b = 0.13 to
A/#b = 0.19 for air and from A/Rb = 0.09 to A/#b = 0.13 for
CO2. Note that at this angle of attack the windward side of the cone
is perpendicular to the flow direction of the hypersonic stream. The
shape of the bow shock wave is spherical over the windward sur-
face and conical over the leeward surface of the forebody. Maximum
slope of the bow wave relative to the freestream occurs at approx-
imately the midpoint between the nose and corner of the cone on
the windward surface. This suggests that the stagnation point on the
model has moved from the model's axis of symmetry (centerline) at
a = 0 to a point approximately midway along the conical section
of the forebody at a = 20 deg. Computations by Weilmuenster and
Hamilton also predicted a similar location for the stagnation point
on a 140-deg blunt cone tested at a — 20 deg in air.18

Bow shock-wave standoff distances, measured from the pho-
tographs taken with the models at a = 0, are compared with values
obtained from calculated temperature profiles along the stagnation
streamline over the front surface of the models (Fig. 7). Predicted
standoff distances from the NSCAND code agree well with those
obtained from the photographs. Predicted heat-transfer rate distri-
butions over these cones at a. = 0 were also compared with values
obtained from the shock-tunnel tests.

Stagnation-Point Heating
The calculated heating-rate distributions over each model, deter-

mined using shock-tunnel data, are plotted in Figs. 8 through 10
(air), 11 through 13 (CO2), and 14 through 16 (13% CO2-27% Ar).
These calculated values are referred to as test data. In each figure the
data represent the measured heating distribution for a cone with a
particular corner radius that has been exposed to a selected gas at the
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Fig. 13 Heating distribution over configuration (c) in CCh: a) a = 0,
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Fig. 14 Heating distribution over configuration (a) in 73 % CO2-27 %
Ar: a) a. — 0, b) a = 10 deg, and c) a = 20 deg.

three different angles of attack. These data were plotted relative to
the arc-length (S/#n), and they were normalized by the stagnation-
point values obtained from the blunt cones (qw/qQ). However, for
models tested at a = 20 deg, the data were normalized by a value
corresponding to a point located at the sphere-cone junction and not
the stagnation-point location. The origin of the arc length on the
cones, tested at a = 20 deg, was the sphere-cone junction. Nega-
tive and positive values of the arc length identify the windward and
leeward sides of the cone's forebody, respectively.

The values used to normalize the data are given in Table 2.
Included in the table are stagnation-point values calculated using
NSCAND solutions for or = -0. These values overpredict the data
from the shock tunnel by as much as 25%. In general, data taken
from configuration (a) in Fig. 2 and at a = 0 were lower than the
values obtained from the two cones with the larger corner radii.
Stagnation-point heat-transfer rates to the cones with the two larger

corner radii appear independent of the angle of attack; however,
they are dependent on the test gas. The increased heating to the
cones with the larger corner radii is the result of the change in
position of the sonic point to a location closer to the stagnation
point. The stagnation-point heat-transfer rate increased as a result
of the corresponding increase in the velocity gradient and decrease
in bow shock-wave standoff distance. A similar effect of corner
radius on the stagnation-point heat-transfer rate to flat-faced cylin-
ders was observed in earlier studies.6'7 However, it was less than
the effect on the 140-deg blunt cones used in the present tests.
The difference in base radius (<5%) between the cone configu-
rations does not account for the difference in stagnation-point heat-
transfer rate to the cones. The differences between the predicted
values and the shock-tunnel data were partly due to the constructed
grid near the corner of the cone and partly due to uncertainties
in input properties (freestream, transport, surface, and gas kinetics)
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Fig. 15 Heating distribution over configuration (b) in 73 % CO2-27 %
Ar: a) a = 0, b) a = 10 deg, and c) a = 20 deg.

used in the NS solution. However, the NS solutions clearly illustrate
the effect of the corner radius on the stagnation-point heat-transfer
rate.

Heating-Rate Distribution
Zero Angle of Attack

Predicted heating-rate distributions over the cones were compared
with the test data. Predicted heating distributions for the two cones
with the larger radii showed reasonably good agreement (<15%)
with the test data taken from the three different gas environments.
However, the NS solutions underpredicted the data taken from the
cone with Rc/Rb = 0.0143 while being exposed to all three test
gases (Figs. 8a, 11 a, and 14a). The scatter in the data (low values)
near the junction, between the inner and outer sections of the models,
is attributed to conduction losses to the support structure (1.141 >
S/Rn < 1.230) that was used to hold them together.
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Fig. 16 Heating distribution over configuration (c) in 73 % CO2-27 %
Ar: a) a = 0, b) a = 10 deg, and c) a = 20 deg.

Nonzero Angle of Attack
The heating distribution over the cones at a = 10 and 20 deg

could not be predicted using the present NS code. However, the
following observations were made from the data. Heat-transfer rates
to the forebody surface tended to increase toward the corner on the
windward side and decrease on the leeward side of the model with
increasing angle of attack. Higher heating rates at the windward
corner of the model are attributed to the high local pressure gradients
existing in this area of the model due to the rapid expansion of the
gas. At a .= 20 deg (Fig. 6c) the conical section of the model is
perpendicular to the flow direction and the stagnation point is located
midway along the conical section of the cone. The heat-transfer rates
(Fig. 8c) increase as the flow moves away from the stagnation point
and approaches the Mach lines located on the spherical nose cap
and the windward corner of the model. Again, the increased heat-
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Table 2 Stagnation-point heat-transfer rates to the
blunt cones3

(measured)
Test gas
Air
Air
Air
C02
C02
C02

C02-Ar
CO2-Ar
CO2-Ar

Pa/Rb
0.0143
0.0594
0.1572
0.0143
0.0594
0.1572
0.0143
0.0594
0.1572

a = 0

77
93
95
94

109
109
92
83

106

10 deg

90
84
99

111
111
109
116
113
108

20 deg

86b

90b

90b

103b

102b

105b

106b

107b

lllb

(calculated)

91
99
98
116
124
125
134
140
141

aData uncertainty ±10%.bHeat-transfer rate at the sphere-cone junction (not stagnation-point value).

transfer rates over these regions of the model resulted from increased
pressure gradients caused by the flow moving rapidly from subsonic
to supersonic conditions. Also, Fig. 8c shows that on the leeward
side of the model, the heat-transfer rates decrease over the conical
section and again as the supersonic flow is further expanded around
the corner. A similar trend in the heating distribution was observed
over all the cones during their exposure to all three test gases at
a = 20 deg.

Conclusions
In general the data showed that during the testing in all three

test gases, the stagnation-point heat-transfer rate to the cones was
directly affected by the corner radius. Also, the data showed that
with the models at a = 20 deg, the stagnation-point value (located
near the midpoint of the conical section) was 30% lower than the
value observed at the sphere-cone junction.

The measured stagnation-point heat transfer rates obtained from
the models in air and at angle of attack a = 0 agreed well with
values predicted by the NSCAND code for cone configurations (b)
and (c) in Fig. 4. However, the NSCAND code overpredicted the
stagnation-point values obtained from the shock-tunnel data in all
other test cases.

Data taken at a. = 0 showed reasonably good agreement with the
predicted normalized heating-distribution profiles over cone config-
urations (b) and (c) in Fig. 4. However, the NSCAND solutions for
the cone with the smallest corner radius underpredicted the normal-
ized values obtained from the shock-tunnel data for all three test
gases. At higher angles of attack, a full three-dimensional NS code
is required in order to predict accurately the stagnation-point heat
transfer rate as well as the heating distribution over a 140-deg blunt
cone. In addition, better estimates of the atom recombination coef-

ficients for the dissociated CO2 and CO2-Ar mixture are needed in
order to better evaluate the effect of surface catalysis on the heat-
transfer rates to these large-angle blunt cones.
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